Aim: Gestational age estimation by ultrasonography is the gold standard for dating pregnancies. However, the availability of prenatal ultrasonography in low-to-middle-income countries is limited. This study aimed to assess the reliability and validity of last menstrual period (LMP) as a gestational age dating method among women in Johannesburg, South Africa. Methods: A total of 741 pregnant women were enrolled into a longitudinal study (June 2013 to July 2016). Gestational age was determined by LMP and ultrasonography. Differences in ultrasound-based and LMPbased gestational age estimates were assessed according to the American College of Obstetrics and Gynecologists' guidelines and women were classified as having discrepant results or not. Multiple statistical analyses determined the level of agreement between the two methods and validity of LMP estimates. Results: Compared to ultrasound, dating by LMP assessed gestational age as 0.2 days longer. Women with discrepant results were of significantly lower weight and household socioeconomic status than those without discrepancies. While there was a substantial agreement (k = 0.64; 95% confidence interval, CI: 0.54, 0.71, P < 0.001) between the two methods, LMP only had a 29.0% (95% CI: 14.2, 48.0) sensitivity in identifying late-term neonates and a 33.3% (95% CI: 4.33, 77.7) sensitivity in identifying post-term neonates. Conclusion: In the absence of ultrasound, LMP is a reliable alternative for gestational age dating during early pregnancy. However, it is not sensitive in identifying late-and post-term pregnancies and should not be relied upon to make clinical decisions regarding elective cesarean section or induction of labor for supposed prolonged pregnancies.
Introduction
Accurate gestational age dating is important during pregnancy and after delivery. Precise timing of deliveries by cesarean section or induction of labor for high-risk, complicated or post-date pregnancies is essential. At birth, from an obstetric point of view, classifying a newborn as large for gestational age might point towards the mother having had gestational diabetes during her pregnancy which has risks for subsequent pregnancies. 1 From a pediatric perspective, a large for gestational age neonate flags long-term cardiometabolic risks. [2] [3] [4] Gestational age determination influences clinical decisions and management which is why accurate estimations are necessary. When performed with precision, prenatal ultrasound is the gold standard for gestational age dating. Gestational age dating by ultrasound should be performed at <14 weeks. 5 As prenatal ultrasonography requires costly equipment and skilled medical professionals, many pregnant women in resource-poor settings have limited or no access to the service. 6 The majority of primary level antenatal clinics in the South African public healthcare sector do not offer routine prenatal ultrasonography. Other gestational age dating methods including the last menstrual period (LMP), fetal symphysis-fundal height measurement and palpation are utilized. Symphysis-fundal height is not appropriate for dating early pregnancies and palpation requires skill and expertise. 7 For these reasons, many antenatal clinics rely on the reported LMP. However, using LMP has limitations; it is selfreported, dependent upon accurate recall and the assumption of a regular 28-day cycle with ovulation occurring on Day 14. 8 Therefore, the validity and reliability of LMP to assess gestational age is often questioned.
Four South African studies [9] [10] [11] [12] have investigated LMP as a gestational age assessment method over the past 10 years. While these studies assessed the reliability of LMP, none investigated its validity (sensitivity and specificity). Furthermore, three of the four studies assessed gestational age dating in the context of termination of pregnancy 9, 11, 12 and termination of pregnancy study populations tend to underestimate their gestational age compared to those who take their pregnancies to term. 9, 13, 14 The remaining study assessed gestational age dating among pregnant women in Cape Town in the Western Cape Province. 10 The current study was set in Johannesburg in the Gauteng Province of South Africa. Johannesburg and Cape Town differ in various ways other than geographical location. Johannesburg, spanning 1645 km 2 , is the most populated city in South Africa followed by Cape Town which spans 2461 km 2 . The two cities differ in terms of population structure with the majority of Johannesburg inhabitants being black African and the majority of Cape Town inhabitants being mixed ancestry. The two cities also have different provincial healthcare policies. 15 The aims of the study were to assess the reliability and validity of LMP as a gestational age dating method among pregnant women in Johannesburg, and to compare gestational age estimates by LMP and ultrasound to those recorded at delivery by hospital/clinic staff.
Methods Participants
This study involved 741 participants enrolled into a longitudinal pregnancy cohort study called the Soweto First 1000 Days (S1000) study. The study took place during June 2013 to July 2016. The overarching aim of the S1000 study was to investigate the effects of maternal factors on fetal development and infant outcomes. Participants were recruited from the Antenatal Clinic and Fetal Medicine Unit of Chris Hani Baragwanath Academic Hospital. Eligibility criteria included women being 18 years of age or older, of South African black ethnicity (self-reported), residing in Soweto, and pregnant with naturally conceived singleton pregnancies of preferably less than 14 weeks gestation but no more than 20 weeks gestation (according to ultrasound assessment). Participants were followed up over the course of their pregnancies.
Questionnaires
At enrolment all participants were interviewed by research nurses and asked a series of demographicand obstetric-related questions. The demographic questions included age, marital status, level of education and a household asset score (the sum of 11 assets; electricity, radio, television, refrigerator, cellular telephone, personal computer, farm animals, agricultural land, bicycle, motorcycle, motor vehicle) which was used as a proxy for household socioeconomic status (SES).
Gestational age dating methods

Last menstrual period
Participants were prompted using a calendar to assist them with recall of their LMP dates. The gestational age of a pregnancy with a reported LMP was determined using the Obdisk Pregnancy Calculator; a pregnancy wheel that assumes a 28-day menstrual cycle and a gestational age of 280 days (40 weeks) at birth.
Ultrasonography
A dating ultrasound involved measuring the fetal crown-rump length at <14 weeks +0 days gestation, or the biparietal diameter, head circumference, abdominal circumference and femur length in more advanced pregnancies. All ultrasounds were conducted by two board-certified sonographers using the Philips HD-9 (Philips Ultrasound) machine. The ultrasound machine used the Robinson and Fleming formula to calculate the gestational age based on the crown-rump length 16 and the formulae used to calculate gestational age using the other fetal biometric measurements in more advanced pregnancies were as per the Intergrowth 21st study described in detail by Papageorghiou et al. 17 More than half of the dating scans underwent external quality assessment by colleagues at Oxford University (UK) as per the Intergrowth 21st ultrasound quality control protocol. 18 All scans analyzed were considered to be within the acceptable limits.
Discrepancies in gestational age dating methods
A difference of more than 5 days at ≤8 weeks and 6 days, more than 7 days at 9-15 weeks and 6 days, and more than 10 days at 16-21 weeks and 6 days, between LMP-based and ultrasound-based gestational age estimates was considered discrepant. 8 The hospital-recorded gestational age was captured and gestational age at delivery was also estimated according to both the LMP and dating scan. As per the American College of Obstetrics and Gynecologists' (ACOG) guidelines, neonates were classified as being 'preterm', 'early-term', 'full-term', 'late-term' or 'post-term' according to their gestational age at delivery (Table S1 , Supporting Information). 19 The ability of LMP, compared to ultrasound, in identifying critical gestational age cut-offs used regularly in obstetric practice was considered: ≥37 weeks gestation versus ≤36 weeks and 6 days to identify women needing elective delivery for hypertensive disorders 20 ; ≥39 weeks gestation versus ≤38 weeks and 6 days for women needing elective cesarean section or induction of labor for a clinical indication or by their choice 21, 22 and ≥41 weeks gestation versus ≤40 weeks and 6 days for elective delivery for prolonged pregnancy. 23 
Statistical analyses
Stata Version 12 (StataCorp) was used for statistical analyses. The Shapiro-Wilk and the Skewness and Kurtosis tests assessed the distribution of the continuous data. Normally distributed continuous variables were presented as means (standard deviations, SD) and those that were not normally distributed were presented as medians (interquartile range, IQR). Categorical data were presented as frequencies and percentages. The Student's t-test analyzed differences between normally distributed variables and the Mann-Whitney test analyzed differences between nonnormally distributed variables. The χ 2 test analyzed differences between categorical variables. Multiple logistic regression analyses were performed to determine the predictors of reporting an LMP, and of having a discrepancy between LMP-and ultrasound-based gestational age estimates. The Kruskal-Wallis H-test, with the Conover-Iman test of multiple comparisons, analyzed the gestational age estimates at delivery according to ultrasound, LMP and hospital records. Significance was assumed at a twotailed P-value of <0.05.
Using ultrasound as the gold standard method, a Bland-Altman plot 24 was performed. The difference in gestational age at enrolment as determined by ultrasound and LMP was plotted on the vertical axis against the mean gestational age of ultrasound and LMP on the horizontal axis. The standard deviation, bias and 95% lower and upper limits of agreement were calculated. A Lin's concordance correlation coefficient assessed the concordance between LMP-based gestational age dating and ultrasound-based dating (gold standard). A Lin's coefficient of 1 indicates perfect agreement between two methods whereas a value of 0 indicates no agreement. 25 Cohen's kappa (k) statistic evaluated the degree of agreement between gestational age estimation by ultrasound and LMP in categorizing neonates as preterm, early-term, full-term, late-term and post-term. The following levels of agreement were considered: 'poor', k < 0.00; 'slight', k = 0.00-0.20; 'fair', k = 0.21-0.40; 'moderate', k = 0.41-0.60; 'substantial', k = 0.61-0.80; 'almost perfect', k = 0.81-1.00. 26 Finally, using ultrasound as the gold standard, the sensitivity, specificity, positive and negative predictive values of LMP in classifying neonates into birth categories and in determining critical gestational age cut-offs for induction of labor or elective cesarean sections was assessed.
Ethical approval
The study was approved by the University of the Witwatersrand's Human Research Ethics Committee (Medical) (certificate references: M120524 and M130309). All study participants gave written, informed consent.
Results
Participants' characteristics
Of the 741 women in the study, 498 (67.2%) reported LMP dates for which they felt certain about, 51 (6.9%) were uncertain about their reported LMP dates and 192 (25.9%) could not report their LMP dates at all. Women who were unable to report LMP dates were significantly younger (median (IQR) age of 28.0 (24.0-33.5) years versus 30.0 (25.0-34.0) years, P = 0.026) and more advanced in their pregnancies (median (IQR) gestational age of 91.5 (83-100) days versus 89 (79-96) days, P = 0.006) than the women who did report LMP dates. They did not differ in level of education, BMI or gravidity. Multiple logistic regression analysis revealed no significant predictors for reporting an LMP (results not shown).
Most women (593/741; 80%) were enrolled at <14 weeks +0 days gestation and therefore had dating scans based on crown-rump length measurement. The remaining 148/741 women (20%) were ≥14 weeks gestation and had dating scans that assessed the other fetal biometric measurements.
Of the total number of women who reported an LMP (n = 549; 498 who felt certain and 51 who felt uncertain about their LMP dates), 210/549 (38.3%) of them had discrepancies between their ultrasoundbased and LMP-based gestational age estimates (Table 1) . Multiple logistic regression analysis revealed that weight and household socioeconomic status (SES) were significantly associated with these discrepancies ( Table 2) .
Level of agreement of gestational age dating by last menstrual period and ultrasonography A Bland-Altman plot illustrating LMP-based gestational age estimates versus ultrasound-based gestational age estimates (from the dating scan) is represented in Figure 1 . The standard deviation of the differences was 13.5 days and the 95% limits of agreement were calculated as −26.7 and 26. : >5 days at ≤8 weeks and 6 days, >7 days at 9-15 weeks and 6 days, >10 days at 16-21 weeks and 6 days between the two methods; ‡A total of 549/741 study participants had both LMP and ultrasound gestational age assessments. Of the 549 women, only 536 had delivery data recorded; §Household asset score out of 11; ¶At the time of enrolment (<20 weeks gestation). BMI, body mass index; GA, gestational age; IQR, interquartile range; LMP, last menstrual period; NVD, normal vaginal delivery; US, ultrasound. calculated for LMP-based gestational age dating using ultrasound-based dating as the gold standard.
Reliability of gestational age dating by last menstrual period
Compared to LMP-and ultrasound-based estimates, hospital recorded gestational ages at birth were significantly shorter. The majority of neonates were classified as full-term according to all three estimates. Hospital-recorded gestational age estimates classified a larger number of preterm and early-term neonates whereas LMP classified far more neonates as being post-term. There was a significant difference (P < 0.05) in the classification of neonates across all the birth categories by the three estimations (Table 3 ).
An overall kappa statistic of 0.64 (95% CI: 0.54, 0.71), P < 0.001, was calculated when all birth categories were grouped indicating a 'substantial' agreement between LMP-and ultrasound-based gestational age dating. When analyzed by each birth category, the agreement between the two methods in classifying neonates as preterm was 'substantial' but 'slight' in classifying postterm neonates. There was 'fair' agreement between the two methods in classifying term pregnancies (Table 4) .
Validity of gestational age dating by last menstrual period
Using the ultrasound-based gestational age estimates as the gold standard, LMP had a fairly high specificity : >5 days at ≤8 weeks and 6 days, >7 days at 9-15 weeks and 6 days, >10 days at 16-21 weeks and 6 days between the two methods. (Table S1 ). across the five birth categories but its sensitivity and positive predictive values varied (Table 5) . Furthermore, the sensitivity and specificity of LMP decreased as the gestational age increased which was evident from the results indicating LMP's ability in determining the critical gestational age cut-offs used in obstetric practice: ≥37 weeks versus ≤36 weeks +6 days, sensitivity of 90.7% (95% CI: 87.7, 93.2) and specificity of 84.7% (95% CI: 74.3, 92.1); ≥39 weeks versus ≤38 weeks +6 days, sensitivity of 71.8% (95% CI: 66.1, 77.1) and specificity of 76.4% (95% CI: 70.8, 81.5); ≥41 weeks versus ≤40 weeks +6 days, sensitivity of 54.1% (95% CI: 36.9, 70.5) and specificity of 87.4% (95% CI: 84.1, 90.2).
Discussion
Our study assessed LMP and prenatal ultrasound as gestational age dating methods among a group of pregnant South African women. Our results have shown that 74% of the women were able to report an LMP. The 25.9% of women who could not recall an LMP is substantially greater than the reported 8.3% of Nigerian women. 27 The women who could not report an LMP were significantly younger and more advanced in their pregnancies than women who did report an LMP. These findings speak to the issue of recall bias; the further along one is in one's pregnancy the less likely one is to recall the LMP date.
Of the women in our study who did report an LMP (n = 549), 67.2% felt certain about their dates. This is higher than the 56.0% of women in the Cape Town based study who felt certain about their LMP dates. 10 Lighter weight women and those of lower household SES were more likely to have discrepancies between the LMP-and ultrasound-based gestational age estimates. Other studies have reported similar findings regarding SES but have also found that women with discrepancies were more likely to be less educated, single and younger than women without gestational age estimate discrepancies. [28] [29] [30] Our study showed no difference in education level, age or marital status between the two groups.
The hospital records significantly underestimated gestational age at birth. This suggests that hospital staff members are not scrutinizing the antenatal records at delivery for information on gestational age and that rough estimates are being recorded. This highlights a gap in the healthcare system where strengthening is required. If antenatal records were electronically captured and therefore easily accessible and linked to delivery records, errors and discrepancies may be reduced. The current system still relies on manually recorded details which may not necessarily be available at delivery thus allowing room for error in gestational age estimation. (Table S1 ); kappa levels of agreement: 'Poor', κ < 0.00; 'slight', κ = 0.00-0.20; 'fair', κ = 0.21-0.40; 'moderate', κ = 0.41-0.60; 'substantial', κ = 0.61-0.80; 'almost perfect', κ = 0.81-1.00. CI, confidence interval; LMP, last menstrual period. 32 respectively. Delayed ovulation is thought to be one of the reasons why gestation is overstated by LMP. 28 The 0.2 day overestimation found in our study is not considered clinically significant. Therefore, together with the Lin's correlation coefficient of 0.75 (close to 1.00), our results indicate that LMP and ultrasound appear to be fairly well correlated in early pregnancy.
The 'substantial' agreement (k = 0.64) between LMP and ultrasound in classifying neonates into the birth categories is better than that reported by Deputy et al. who found a 'moderate' agreement between the two methods in categorizing neonates at birth (k = 0.41) in Vietnam. 31 Hoffman et al. 29 reported exactly the same kappa coefficient ('slight': k = 0.05 (95% CI: −0.02, 0.13)) as ours for the level of agreement between LMP and ultrasound in classifying post-term births (defined by them as >41 weeks gestation) in an American study. Gernand et al. 30 also showed that the level of agreement between the two methods in classifying preterm births (defined by them as <259 days gestation) was better (k = 0.74) than that for post-term births (k = 0.24) (defined by them as <293 days gestation). Despite the cut-off values for post-term being marginally different across the three above-mentioned studies, they highlight that LMP is poor in identifying pregnancies/neonates of >41 weeks gestation in both high-and low-middleincome settings. The over classification of neonates as post-term by LMP has been reported in several countries and populations. 29, 31, [33] [34] [35] While the specificity of LMP in classifying neonates into the birth categories was generally high, the sensitivity and positive predictive values differed per birth category. The sensitivity and positive predictive value of LMP in identifying preterm births were high but low for late-term and post-term births. Dietz et al. 28 reported similar findings in a high-income setting with LMP having a sensitivity and positive predictive value of 64.3% and 58.7%, respectively, for preterm births, and 33.6% and 3.7%, respectively, for postterm births. Our results are comparable to those of Dietz et al. 28 The low sensitivity and positive predictive value of LMP for classifying post-term births seems to be a recognized problem. 30, 34 Furthermore, while LMP can be relied upon to inform clinical decisions around delivery for pregnancies affected by hypertension (≥37 weeks), its sensitivity in informing timing of elective cesarean sections or inductions of labor for other clinical indications or by maternal choice (≥39 weeks) or prolonged pregnancies (≥41 weeks) is poor. Using LMP to estimate due date and identify pregnancies over 39 weeks is likely to result in several unnecessary inductions of labor and cesarean sections which carry their own risks and add burden to the hospital system.
Taking into account South Africa's under-resourced and heavily burdened healthcare system, the results from our study are useful in understanding how and when LMP can be utilized as an alternative to ultrasound for dating pregnancies. In the absence of prenatal ultrasonography, LMP appears to be a reliable, inexpensive substitute for estimating gestational age during early pregnancy among women in Soweto, Johannesburg. However, due to its poor sensitivity, LMP should not be used to inform clinical decisions around delivery beyond 39 weeks gestation. Gestational age dating by ultrasound has been shown to reduce the need for post-term induction. 36 Therefore, while ultrasound equipment is expensive and requires trained operators, the long-term benefits of using ultrasound to date pregnancies and to inform clinical decisions may in fact turn out to be the more costeffective option.
